Abstract-The control of non-linear systems has been an interesting research topic for many years. It is not feasible to control such systems using linear control because of uncertainties. Non-linear control like Sliding Mode Control (SMC) is robust against these uncertainties. Integration of SMC with Sliding Perturbation Observer (SPO) is a more robust controller with a perturbation compensation technique. Chattering is a drawback of SMC due to a high switching gain, which can be reduced by altering the structure of SMC, by multiplying the gain with the velocity error. Integration of this proportional derivative gain PDSMC with SPO introduces a more robust controller with a faster convergence to the desired state.
I. INTRODUCTION
Trajectory tracking is an essential requirement in robot manipulator movement applications. Robot manipulator is a non-linear system in nature and the control of such a system with modeling errors, parametric uncertainties, and external disturbances is a challenging task in the field of control engineering. SMC [1] is a robust control to tackle system uncertainties and external disturbances. SMC has two phases; reaching phase and sliding phase. The switching gain K should be greater than the perturbation to move the system to the desired states. This higher value of gain K increases the chattering as well as the breaking frequency of the low pass filter between sliding surface and error during the sliding phase, because of the high-frequency perturbation element affects the system during the sliding phase. SPO is a non-linear observer that utilizes partial state feedback (position) to estimate velocity and perturbation. SPO is a combination of a Sliding Observer (SO) and perturbation observer. Integration of SMC into SPO introduces a controller that is more robust against perturbations because of the perturbation compensation technique.
Different ideas have been discussed to remove chattering from the output of SMC [1] . In this research, a new approach is presented to reduced chattering from the system output, and when this PDSMC is integrated with SPO, the result is PDSMCPSO, whose convergence to the desired state is faster than conventional SMCSPO. Derivative gain is introduced in the structure of the sliding surface with a value between 0 and 1. During the reaching phase, this small gain is multiplied with perturbation and reduces its effect so a small switching gain K, which reduces chattering from system output, is needed. When the system reaches the sliding surface, the transfer function between the sliding surface and perturbation has more low pass filter characteristics compared to conventional SMC. PDSMCSPO is the result of the integration of PDSMC with SPO. This is a robust controller which uses the perturbation compensation technique to reduce chattering. PDSMCPSO convergences to the desired state faster than SMCSPO and the steady state error is also smaller than conventional SMCSPO. This paper consists of 4 sections. The first one is the introduction. In the second section, control theory is presented, and the difference between the proposed and conventional methods are discussed. The third section consists of simulation and experiment results, and in the last section, conclusions are mentioned.
II. CONTROL THEORY
In this section, the perturbation is defined first, then conventional SMC and PDSMC are described, after that, the structure of SPO is briefly discussed, following, the integration of these schemes mentioned above with SPO is detailed, and at the end, the characteristics of the proposed scheme is compared with the existing scheme.
A. Perturbation
Consider a 2 nd order system as shown below.
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To verify the sliding condition 0 ss   , the gain K should be greater than the perturbation in (4) during the reaching phase. During the sliding phase, the transfer function between sliding surface and perturbation is shown in (6) which is the low pass filter.
In SMC, if the perturbation is large a large gain K in (4) is needed. This large value causes chattering in the system and this large gain also increases the breaking frequency of the transfer function (6).
C. PD Sliding Mode Control
The main idea is to multiply a small gain with velocity error in the sliding surface. This small gain reduces chattering from the system output and reduces the breaking frequency of the transfer function between sliding surface and perturbation. (7) Shows the structure of the sliding surface of PDSMC. dp s k e k e     
During the reaching phase, the s  dynamics become as (8).
In PDSMC, during the reaching phase 1 d k  , a small gain is multiplied with perturbation and reduces the effect of perturbation during the reaching phase which means that in PDSMC, again ' K is small compared with SMC. So, there is less chattering in PDSMC compared with SMC, and it also reduces the breaking frequency of the transfer function between sliding surface and perturbation as shown in (9).
D. Sliding Perturbation Observer SPO is a non-linear observer that utilizes only partial state feedback to estimate the velocity and perturbation. Its structure is given in (10).
In (10) 
During the reaching phase, s   is shown in (13).
The gain K should be 
E. PDSMCSPO
The estimated sliding surface is given as (14). dp
In the relation above, 11 dp
To verify 0 ss    during the sliding phase, the control u should be selected properly. Take the derivative of (14) and solve it further like (17).
After solving the control, u is obtained as (18)
After putting (18) into (17) the actual s   dynamics during the reaching phase is obtained as (19).
As we know that 21 xk   , in order to enforce 0 ss    , the following condition should be fulfilled. When the system reaches the sliding surface or prescribed manifold the actual s dynamics can be obtained as (21) by using (15). 
It seems like a conventional Luenberger Observer. The pole placement method is used to find the parameters of the control scheme by comparing it with the desired poles.
The characteristic equation is shown in (23).
After comparing the coefficient of (23) with the desired equation, we get the following relation.
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G. Comparison of Character of SMC & PDSMC.
In SMC during the sliding phase (4), the gain K should be greater than perturbation. Greater the gain, greater the perturbation and greater the breaking frequency of the low pass filter between sliding surface and perturbation as shown in (6). In PDSMC shown in (8), during the sliding surface, the small gain d k is multiplied with the perturbation and reduces the effect of perturbation and requires a small switching gain K in PDSMC. Because of this, the breaking frequency of the low pass filter between the sliding surface and perturbation (9) is smaller than (6). This means that during the sliding phase, PDSMC is insensitive to high-frequency perturbation.
H. Comparison of Character of SMCSPO & PDSMCSPO.
The reaching time ( r t ) in PDSMCPSO is smaller than the conventional method. As it is known, the mathematical presentation of r t is given in (25). In PDSMCSPO, the starting point or initial point of the sliding surface is smaller than SMCSPO. So, the convergence of PDSMCPOS is faster than SMCPSO, which is presented in the next section. The graph of the transfer function between the sliding surface and perturbation is shown in Fig. 1 . It can be seen that the blue line shows the result of PDSMCPS and the red line SMCPSO. It is clearly visible that the attenuation of perturbation during the sliding phase in PDSMCPS is much better than the conventional method in all frequency ranges. Figure. 1 Transfer function between sliding surface and perturbation Similarly, in PDSMCSPO, the bode plot of the transfer function between error and perturbation is shown in Fig. 2 . It can be seen that our proposed scheme has better attenuation than the conventional one. The blue line shows the bode plot of PDSMCSPO which attenuates the disturbance signal more than SMCSPO, shown with the red line, but in the high-frequency range, the attenuation of both schemes is the same. 
A. System model
A hydraulic robot manipulator was selected for the experimental results. The control algorithm is applied on the 3 rd link of the robot manipulator. The dynamical equation of the 3 rd link is shown in (26)
J is inertia, D is the damping coefficient. These parameters are extracted by using the signal compression technique [3] . In the simulation we used the same model above.
B. SMC and PDSMC
The control input for both SMC and PDSMC is shown in (27) and (28). 
Systems parameters are shown in table. 1. As it was mentioned earlier, PDSMC is insensitive to highfrequency perturbation during the sliding phase because of the low breaking frequency (4). 
C. SMCSPO and PDSMCSPO
Same mass damper system (19) is considered for the SMCSPO and PDSMCSPO simulation. 
The step input is given, and it is observed that the output of PDSMCSPO is faster than SMCSPO. In Fig 5, the solid blue line (fast convergence) is the output of the proposed scheme, and the red line (slow convergence) is the output of the conventional scheme. 
D. Experimental Results
For the experimental results, SMCSPO and PDSMCPSO were implemented on a real system because in SMC and PDSMC there is no observer for high state estimation, so a sensor is required. The experiment is implemented on the 3 rd link of the hydraulic robot manipulator as shown in (6). A sine wave of 0.8 (rad/s) is given to the real system for both control schemes SMCSPO and PDSMCPSO. It is observed that the error of PDSMCSPO is smaller than conventional SMCSPO. The e xperiment was done two times with different values of lambda, first lambda=20 and second lambda=30.
(7) shows the system ou put when lam bda=20. It can be seen that PDSMCPS , shown as the blue line , has a small error compared to the red line of SMCPSO.
Figure. 7 Error of SMCPSO and PDSMCSPO lambda=20
In the second experiment , lam bda=30 was chosen and the results can be seen in (8) . The so lid blue line is PDSMCPO and the red line is the SMCPS error. This time as we increas e the value of lambda so the error is reduced as was discussed earlier in section 2 that the greater value of lam bda, more decrease in error.
IV. CONCLUSION
In this study, the robustness and convergence time characteristics corresponding to the trajectory tracking problem has been discussed. The derivative gain term is introduced in the sliding surface structure that reduces the gain K of conventional SMC. The small gain K results in the reduction of chattering from the system output, sliding surface, and controller output. This small value of gain K also reduces the breaking frequency of the low pass filter between the sliding surface and perturbation during the sliding phase. The results after the integration of this PDSMC into SPO (PDSMCSPO) have improved the system's response with better convergence time, as compared to SMCSPO. At the same time, it is worthy of mentioning that both algorithms (proposed and conventional) are the same.
